Genetic studies have shown that there are small but significant differences between the short-beaked common dolphin populations in the Atlantic Ocean and those in the Mediterranean Sea. The short-beaked common dolphin is a highly vocal species with a wide sound production repertoire including whistles. Whistles are continuous, narrowband, frequency-modulated signals that can show geographic variation in dolphin species. This study tests whether the differences, highlighted by genetic studies, are recognisable in the acoustic features of short-beaked common dolphin's whistles in the two adjacent areas of the Atlantic Ocean and the Mediterranean Sea. From a selected sample of good quality whistles (514 recorded in the Atlantic and 193 in the Mediterranean) 10 parameters of duration, frequency and frequency modulation were measured. Comparing data among basins, differences were found for duration and all frequency parameters except for minimum frequency. Modulation parameters showed the highest coefficient of variation. Through discriminant analysis we correctly assigned 75.7% of sounds to their basins. Furthermore, micro-geographic analysis revealed similarity between the sounds recorded around the Azores and the Canary archipelagos and between the Bay of Biscay and the Mediterranean Sea. Results are in agreement with the hypothesis proposed by previous genetic studies that two distinct populations are present, still
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INTRODUCTION
Animal vocalisations are characterized by features under different selective forces and each trait may vary independently (GERHARDT 1991). Delphinids exhibit a high level of plasticity in the production of their communication signals (MAY-COLLADO 2010) . Whistles are continuous, narrowband, frequency-modulated signals that often have harmonic components (OSWALD et al. 2008) and are believed to have a social function (JANIK & SLATER 1998; HERZING 2000; LAMMERS et al. 2003) . Geographic variation in delphinid signal characteristics can be caused by genetic, environmental or cultural differences (JANIK & SLATER 2000) . Morphology and physiology (particularly the energetic and nutritional state of animals) can also affect sound production (JANIK 2009). Finally, ambient noise level also plays a role in the whistle structure of dolphins (MORISAKA et al. 2005b; MAY-COLLADO & WARTZOK 2008) . Man-made noise has been suggested as the explanation for acoustic differences described both in the frequency and modulation of short-beaked common dolphins' (Delphinus delphis) whistles between the English Channel and the Celtic Sea (ANSMANN 2005; ANSMANN et al. 2007 ). Intra-specific variation in this type of vocalization has been assessed both at macro-(differences that occur over long distances and between populations that are geographically separated (KREBS & KROODSMA 1980) ) and micro-geographic scales (variation between contiguous groups; KREBS & KROODSMA 1980), especially for Tursiops spp. (WANG et al. 1995; JONES & SAYIGH 2002; CAMPBELL 2004; MORISAKA et al. 2005a MORISAKA et al. , 2005b BARON et al. 2008; MAY-COLLADO & WARTZOK 2008; HAWKINS 2010; MAY-COLLADO 2010) , Stenella frontalis (BARON et al. 2008) , Pseudorca crassidens, Grampus griseus, Globicephala macrorhynchus and Globicephala melas (RENDELL et al. 1999) , Sotalia guianensis (AZEVEDO & VAN SLUYS 2005; ROSSI-SANTOS & PODOS 2006) , Stenella longirostris (BAZÚA- DURÁN & AU 2004; CAMARGO et al. 2006) and Stenella coeruleoalba PAPALE et al. 2013) .
Intra-specific variation in whistles among delphinids occurs mainly in signal duration and in the number of contour inflection points (MORISAKA et al. 2005a; ROSSI-SANTOS & PODOS 2006) and is thought to carry information about individual identity or contextual behaviour (BAZÚA-DURÁN & AU 2004) . Still, differences within the species are known to occur also in other parameters, including beginning and maximum frequency (ROSSI-SANTOS & PODOS 2006; BARON et al. 2008) . In some geographic areas, a gradual, continuous divergent tendency emerges (WANG et al. 1995; AZZOLIN et al. 2013) while at other locations discontinuities exist along an apparent continuum in the geographic distribution of dolphins (ROSSI-SANTOS & PODOS 2006) .
Since communication is useful for cohesion, cooperation and the survival of a social group, differences in acoustic production of a species can indicate the presence of populations or groups using specific communication signals (WANG et al. 1995; DATTA & STURTIVANT 2002) . Differences in acoustic characteristics can be a sign of isolation and can be used to distinguish conservation units in a refined way (HAWKINS 2010). For short-beaked common dolphins this hypothesis was proposed by GRIFFITHS (2009), analysing whistle samples in Celtic Deep and Eastern Tropical Pacific Ocean and by AZZOLIN (2008) in the Mediterranean Sea.
The short-beaked common dolphin is a highly vocal species with a wide repertoire composed of echolocation clicks (peak frequency between 23 and 67 kHz), "chirps" (between 8 and 14 kHz), "barks" (below 3 kHz) and whistles (generally between 2 and 18 kHz) (CALDWELL & CALDWELL 1968; AU 1993; RICHARDSON et al. 1995) . The species has to cope with a number of threats arising from human-induced impacts (FORCADA & HAMMOND 1998; TUDELA et al. 2005; BEARZI et al. 2010) including habitat deterioration, bioaccumulation of pollutants (BORRELL et al. 2001; ZHOU et al. 2001 ) and the effects of climate change (BRERETON et al. 2010 ). This situation is more evident in the Mediterranean Sea, where the subpopulation was recently listed as endangered under the 2003 International Union for Conservation of Nature (IUCN) Red List of Threatened Species (BEARZI 2003) , as demographic studies demonstrated a strong decline in the population, particularly in the eastern basin (BEARZI et al. 2008) . The most important remaining habitat for the Mediterranean subpopulation is located in the Alboran Sea, in the western basin (CANÃDAS & HAMMOND 2008) . The Alboran Sea population is differentiated from the Atlantic populations at the level of the mitochondrial DNA (mtDNA) but results suggest that there is a gene flow out of the Strait of Gibraltar (NATOLI et al. 2008 ). On the other hand, a homogeneous distribution of gene frequencies in Northeast and Mid-Atlantic short-beaked common dolphins suggests that these are part of a large, distinct population (VIRICEL 2006; MIRIMIN et al. 2009; QUÉROUIL et al. 2010 ). This results from the high dispersal capability of the species across oceans (EVANS 1982; DANIL & CHIVERS 2006) .
The aim of this study was to investigate geographic variation in the characteristics of whistle sounds of short-beaked common dolphins living in the Atlantic Ocean and the Mediterranean Sea in order to identify different groups or populations of dolphins. The main objective was to evaluate if the whistle acoustic structure, which is thought to differ between the Atlantic Ocean and Mediterranean Sea, can be considered as an indicator of at least two evolutionary units. We also assessed which parameters contributed most to the discrimination and evaluated possible acoustic contact between populations.
METHODS

Study populations and data collection
Recordings from two macro-geographic areas were used: the Atlantic Ocean (around the Azores and the Canary Islands, and in the Bay of Biscay) and the Mediterranean Sea (Western basin: from the Alboran to the Tyrrhenian Seas) (Fig. 1) .
We used only recordings in which the species was visually identified with certainty and short-beaked common dolphins were the only species present in the area. Five research groups contributed data for the study: SECAC (Society for the Study of Cetaceans in the Canary Archipelago-Spain) collected data in the Canary archipelago and utilized a towed array with four elements: two Benthos hydrophones (with a linear flat response of ± 1 dB between 1 Hz and 15 kHz, and of ± 3 dB between 15 kHz and 30 kHz) and two spherical ceramic hydrophone elements with a frequency response of~2-150 kHz (Seiche UK Ltd). Signals were immediately visualized and collected on a laptop using the acoustic monitoring software package PAMGuard. Sounds were digitalized at a sampling rate of 192 kHz.
IMAR-DOP/UAç (Institute of Marine Research, Department of Oceanography and Fisheries, Centre of IMAR of the University of the Azores-Portugal) provided data from the Azores recorded with either an omnidirectional hydrophone (HTI-94-SSQ with a flat response of ± 2 dB from 2 Hz to 30 kHz) or a towed array with two hydrophones (Benthos ; recordings were made with a digital tape recorder Tascam ® DA-P1, with a sampling frequency of 48 kHz, 16-bit resolution and frequency responses from 20 Hz to 20 kHz ± 0.5 dB). Signals were digitalized at a sampling rate of 48 kHz.
IFAW (International Fund for Animal Welfare-United Kingdom) collected data from the Bay of Biscay and the Mediterranean basin using the same instruments and sampling rate as IMAR-DOP/UAç. GREC (Research Group about Cetaceans-France) collected data in the Mediterranean Area, using a mono towed hydrophone with Benthos in 1999 and a stereo towed with the same hydrophone elements during the other years with a flat response of ± 2 dB from 200 Hz to 30 kHz, a 29 dB pre-amplifier and 200 Hz high-pass filter. An external high-pass filter unit (Magrec Ltd) set to 1 kHz was used on the hydrophone output to improve the quality of recording. The sampling rate used in this case was 32 kHz, 44.1 kHz and 48 kHz.
ALNITAK (Marine Environment Research and Education Centre, Spain) provided data from the Alboran basin in the Mediterranean Sea and recorded with an omnidirectional hydrophone with a flat response of ± 2 dB from 200 Hz to 30 kHz as GREC but with a sampling rate of 48 kHz.
All recordings were made from vessels. Table 1 details the data collection periods and instruments used by the five research groups. Transform) size). From each whistle contour, the following 10 parameters were measured manually (after OSWALD et al. 2003 (after OSWALD et al. , 2007 AZZOLIN 2008) : duration, beginning frequency, end frequency, minimum frequency, maximum frequency, number of inflection points (mathematic definition in sine function of a change from positive to negative or negative to positive slope), steps (a discontinuous change in frequency), number of minima in the contour and number of maxima in the contour (Fig. 2) . We calculated also the frequency range (as maximum frequency -minimum frequency). In order to avoid sources of bias in the manual analysis measurements we verified the agreement among two observers on a subsample of the dataset and compared results from the manual analysis with the ones obtained in a semi-automated way using the methodology validated by AZZOLIN (2008) . There were no significant differences between the semi-automated method and the human observer (Wilkoxon test on a sub-sample: n = 191, − 1.7 < Z < − 0.49, 0.08 < P < 0.62). Each sound was also classified by assigning a signal quality index from 0 (weak or overlapped with other sounds) to 3 (good intensity and definition of the contour). All whistles classified as 2 (when the complete contour could be recognised but intensity was low) and 3 (when intensity was high and time-frequency contour well defined) as specified in PAPALE et al. (2013) were considered high quality and used for statistical analysis.
Data analysis
We used showing the variables measured in the study (except frequency range): duration, beginning frequency, end frequency, minimum frequency, maximum frequency, number of inflection points (mathematic definition in sine function of a change from positive to negative or negative to positive slope), steps (a discontinuous change in frequency), number of minima in the contour and number of maxima in the contour (one maximum and one minimum are shown in the figure; these were counted to provide two variables -see Methods).
Atlantic sightings was 35 (SD = 36.14), while for the Mediterranean was 11 (SD = 7.77). All sightings consisted of more than one individual. Since we could not know the emitter we considered a mean of three sounds per animal per sighting. Furthermore, in order to avoid autocorrelation effects due to the presence of sounds with similar time-frequency contours (emitted from the same animal or a mimicry by a conspecific), sounds with similar contours could not make up more than 10% of total sounds in the whole dataset. Only 4% of sounds in the dataset were composed of broken whistles which can arise when vocalizing animals are not facing towards the recording source.
The statistical software PASW Statistics 18.0 (SPSS Institute Inc., Chicago, Illinois, USA) was used to create descriptive statistics (mean, standard deviation). For each parameter considered, within-and between-basin coefficients of variation were calculated (SOKAL & ROHLF 1995) . Comparative statistical analyses of whistle parameters between populations were made using the nonparametric Mann-Whitney test (since data were not normally distributed) to determine whether parameters varied between populations, while the Kolmogorov-Smirnov test was used to investigate within-population variability.
We performed a discriminant function analysis (DFA) to evaluate if recorded whistles could be correctly classified according to the sampling areas using all parameters except the frequency range because of its direct dependence from maximum and minimum frequencies. The leave-one-out procedure (LACHENBRUCH & MICKEY 1968) was then used for cross-validation.
We then used the mean values for each sighting in order to assess the similarity between areas reducing the weight of each single sound (since there were only two sightings in the Bay of Biscay). In this case, we repeated the DFA on 10 randomly selected sub-samples, composed of 80% of the complete sighting set.
RESULTS
We calculated the intra-basin coefficient of variation (CV) for every parameter. Atlantic and Mediterranean short-beaked common dolphins displayed a low CV for all frequency parameters and duration (from 19 to 50%), especially for minimum and maximum frequencies, and a higher variability for modulation parameters (CV over 80%).
Within each area, duration and frequency parameters did not show significant variation, except for beginning (Kolmogorov-Smirnov test n = 514, Z = 1.99, P = 0.001) and end frequencies (Kolmogorov-Smirnov test n = 514, Z = 1.94, P = 0.001) in the Atlantic Ocean. On the other hand, the number of steps and inflection points exhibited significant variation within both basins (Kolmogorov-Smirnov Test, Atlantic: n = 514, Z = 6.00, P < 0.001; Z = 5.53, P < 0.001; Mediterranean: n = 193, Z = 4.15, P < 0.001; Z = 2.46, P < 0.001). Table 2 summarizes mean values and standard deviations of whistle parameters for the two basins. Significant differences between the Atlantic and the Mediterranean were found in whistle duration (Mann-Whitney test n = 707, P = 0.017), and all frequency parameters (Mann-Whitney test n = 707: beginning frequency P < 0.001; end frequency P = 0.001; maximum frequency P = 0.001; frequency range P < 0.001) with the exception of minimum frequency (P = 0.973). Since minimum frequency was higher and maximum frequency was significantly lower in the Mediterranean Sea, the frequency range was significantly narrower than in the Atlantic Ocean.
The mean number of inflection points was significantly lower in the Atlantic (Mann-Whitney Test n = 707, P < 0.001) while the number of steps was higher but not significantly different from the Mediterranean.
With respect to the other contour parameters, the number of minima was significantly lower in the Atlantic (Mann-Whitney Test n = 707, P = 0.001) and the number of maxima was similar between the two areas.
We also performed a stepwise DFA between the Atlantic Ocean and the Mediterranean Sea using whistle duration, all the frequency parameters except frequency range and the modulation parameters as predictor variables. Overall, the function correctly classified 75.7% of cases: 76.8% for the Atlantic and 72.5% for the Mediterranean. DFA showed that the number of inflection points, steps, minima and the minimum frequency contributed to the discrimination (coefficients: number of inflection points = 1.14, number of steps = 0.35, number of minima = 0.28, minimum frequency = 0.27).
The DFA correctly discriminated 51.2% of the whistles from the Azores, Canaries, Bay of Biscay and Mediterranean areas. For signals coming from the Azores and Canary archipelagos the correct assignments were almost 50%, while the misclassification to the other archipelago was of 20-25% (Table 3) . Only the parameters of number of minima and maxima were significantly different (N = 484, Z = − 6.16, P < 0.001; Z = − 5.73, P < 0.001) between the two archipelagos.
The DFA also assigned 70% of the sounds from the Bay of Biscay to either the Bay of Biscay or the Mediterranean Sea. In the DFAs performed after the randomization test, 100% of the cases belonging to the Bay of Biscay were distributed between this site and the Mediterranean Sea, while almost 80% of the whistles from the Mediterranean Sea were assigned to the two areas.
DISCUSSION
Geographic variation in the acoustic features of a species' signals can be a clue to help identify distinct populations (HAWKINS 2010). Understanding the acoustic differences can assist in identifying isolation mechanisms of cetacean populations, evaluating their conservation status, recognizing endangered units and monitoring population changes.
The results show that signal frequency and duration parameters exhibited a low CV whereas modulation parameters showed a high CV. Values with the lowest CV in this case are also the most influenced by morphological and genetic aspects, in agreement with MOUSSEAU & ROFF (1987) . Frequency parameters usually present high variation between species and low variation within species (STEINER 1981; RENDELL et al. 1999) representing reliable indicators of species identity, while modulation parameters (number of steps and inflection points) exhibit high intra-specific coefficients of variation (RENDELL et al. 1999; OSWALD et al. 2003) . According to MAY-COLLADO & WARTZOK (2008) , a high whistle complexity (measured in terms of mean number of inflection points) and a high intra-specific variability can result from the transmission of emotional states and individual differences. As suggested by POPOV & SHUVALOV (1977) "essential recognition parameters" are normally the most stable characteristics of the acoustic signal, whereas "motivational parameters" are often highly variable. In our case, the results of little or no difference in minimum frequency reported in this study are in agreement with the hypothesis of MAY-COLLADO et al. (2007) that this parameter appears to be strictly influenced by body size and the most relevant marker of species identity. The same result was recently found in a similar species (Stenella coeruleoalba) for the same area .
The results obtained for all the parameter categories (duration, frequency and frequency modulation) indicate that individuals from the Mediterranean are differentiated from the population inhabiting the Northeastern and Mid-Atlantic areas. Mean values of maximum frequency and frequency range were lower in the Mediterranean, whereas end frequency was lower in the Atlantic. Also, mean whistle duration was significantly shorter in the Mediterranean Sea. The distinction is further supported by the DFA results, which correctly classified 76.8% and 72.5% of Atlantic and Mediterranean whistles, respectively. We can exclude any bias due to the equipment or the sampling frequency in these results because no off-scale signals were used and whistles with the highest sampling frequency have been visualized at the standard frequency of 48 kHz. These findings can be the sign of either (1) genotypic influences on the acoustic features through phenotypic differentiation of isolated groups, or (2) parallel but independent variation of acoustic and genotypic features due to geographic isolation. Similar results were found for striped dolphins PAPALE et al. 2013) . Even if the subjacent cause cannot be addressed with the present data, the results demonstrate some degree of isolation between the Mediterranean Sea and Atlantic Ocean populations, in agreement with prior genetic studies (NATOLI et al. 2008) .
Looking into a micro-geographic scale, genetic studies suggest a possible gene flow within oceanic areas (QUÉROUIL et al. 2010) and from the Mediterranean along the eastern coast of the Atlantic Ocean (NATOLI et al. 2008) . A recent study (QUÉROUIL et al. 2013 ) reveals faint stock differences among oceanic dolphins using fatty acid and stable isotope analyses. Our results show little variation between the Azores and Canary archipelagos and between the Bay of Biscay and the Mediterranean Sea. The acoustic parameters have usually been considered more similar due to the possibility of intermixing (HAWKINS & GARTSIDE 2008) and the dispersal of offspring (CONNOR et al. 2000) across neighbouring groups. It is likely that the acoustic similarities have a relation with the ranging behaviour of dolphins from oceanic areas and coastal habitats.
Acoustic studies regarding vocal variation in communication signals could have a considerable feedback on conservation. The conservation aspects of a possible contact between the populations of the Bay of Biscay and the Mediterranean Sea are especially relevant for this last population that is considered isolated and at risk due to anthropogenic impacts (BEARZI 2003) , although inside the Mediterranean there is probably a potential for local specialization that requires further investigation.
The results reported here reveal that the whistles of Atlantic and Mediterranean short-beaked common dolphins are an indicator of their population of origin. Acoustic features, therefore, represent evidence to be considered concerning conservation issues for this species.
